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Abstract
A lack of spatial congruence between carbon storage and biodiversity in intact forests
suggests limited cobenefits of carbon-focused policies for conserving tropical biodi-
versity. However, whether the same applies in tropical human-dominated landscapes
(HDLs) is unclear. In India’sWestern Ghats Biodiversity Hotspot, we found that while
HDL forests harbor lower tree diversity and aboveground carbon stocks than relatively
intact forests, positive diversity–carbon correlations are more prevalent in HDLs. This
is because anthropogenic drivers of species loss in HDLs consistently reduce carbon
storing biomass volume (lower basal area), and biomass per unit volume (fewer hard-
wood trees). We further show, using a meta-analysis spanning multiple regions, that
these patterns apply to tropical HDLs more generally. Thus, while complementary
strategies are needed for securing the irreplaceable biodiversity and carbon values of
intact forests, ubiquitous tropical HDLs might hold greater potential for synergizing
biodiversity conservation and climate change mitigation.
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1 INTRODUCTION
Tropical forest loss and degradation are leading drivers of
the global biodiversity decline (Giam, 2017), and constitute
a major anthropogenic source of carbon dioxide to the
atmosphere (Pan et al., 2011). International climate change
mitigation policies such as Reducing Emissions from Defor-
estation and forest Degradation (REDD+) aim to enhance
terrestrial carbon storage by incentivizing forest conservation
and restoration (UNFCC, 2018). Such climate-focused
policies potentially offer “cobenefits” for biodiversity con-
servation in tropical forests (Gilroy et al., 2014; Strassburg
et al., 2010).
Carbon-biodiversity cobenefits can occur in areas where
priority locations for carbon storage overlap with locations of
high biodiversity (Phelps, Webb, & Adams, 2012). In trop-
ical (and other) forests, where trees are the primary agents
of ecosystem carbon uptake, previous studies have reported
a positive tree diversity–carbon relationship at small spatial
scales (0.04 ha), and among young forests, potentially driven
by “biodiversity” mechanisms such as niche complementarity
(Chisholm et al., 2013; Lasky et al., 2014). By contrast, stud-
ies inmature and relatively intact forests (i.e., low human foot-
print) point to the lack of a consistent tree diversity–carbon
relationship at larger spatial scales (1.0 ha) (Chisholm et al.,
2013; Ferreira et al., 2018; Sullivan et al., 2017). This is
because the environmental gradients driving variation in tree
diversity in such forests (e.g., soil nutrients, moisture) are not
consistently related to attributes of forest structure (e.g., basal
area) and species composition (e.g., abundances of hardwood
species) that govern the diversity–carbon relationship at larger
scales (Chisholm et al., 2013; Sullivan et al., 2017).
While the evidence from relatively intact forests points
to a lack of tree diversity–carbon cobenefits, whether the
same applies to remnant tropical forests of human-dominated
landscapes (HDLs), is unclear. HDLs harbor the majority
of Earth’s remaining tropical forests (Lewis, Edwards, &
Galbraith, 2015; Watson et al., 2018), and are crucial for
sustaining biodiversity and carbon storage in many regions
(Gardner et al., 2009; Magnago et al., 2015). Chronic anthro-
pogenic disturbances in HDLs such as forest fragmentation,
resource extraction, and degradation to secondary forests, are
associated with abiotic (e.g., increased light) and biotic (e.g.,
declines of animal seed dispersal) changes that reduce tree
diversity (Letcher & Chazdon, 2009; Santos et al., 2008) and
alter forest structure and tree species composition in ways
that affect carbon storage (Osuri, Kumar, & Sankaran, 2014).
These changes include reduced tree density and basal area
(de Paula, Costa, & Tabarelli, 2011), which results in lower
biomass volume for storing carbon, and reduced abundances
of tree species with high wood density (Laurance et al.,
2006), which lowers biomass per unit volume. Further, spa-
tial heterogeneity in fragmentation and disturbance impacts
can drive gradients of tree diversity, tree density, basal
area, average wood density, and carbon storage, but few
studies (e.g., Magnago et al., 2015) have assessed patterns of
congruence and implications for diversity–carbon cobenefits
in HDLs. Understanding how and why the diversity–carbon
relationship differs between HDLs and intact forests can
promote conservation strategies based on cobenefits that
consider heterogeneity within, and are more representative
of, the tropical forest biome as a whole.
This study examines the nature of, and factors underly-
ing, the relationship between tree species richness (TSR)
and aboveground carbon storage (ACS) in tropical HDLs.
We test the hypothesis that anthropogenic disturbance drives
concomitant declines of TSR (all/endemic species), and of
attributes related to forest structure (tree density and basal
area) and tree species composition (average wood density)
that govern ACS, such that diversity–carbon cobenefits are
more prevalent among HDL forests than relatively intact
forests. We test this hypothesis using small- (0.04 ha) and
large- (1.0 ha) scale plot data from HDLs in India’s West-
ern Ghats, and examine the generality of our findings using
a meta-analysis spanning HDLs in multiple tropical regions.
2 METHODS
2.1 Western Ghats data
The Western Ghats Mountains in southern India, along with
Sri Lanka, are one of 36 global biodiversity hotspots (https://
www.cepf.net/our-work/biodiversity-hotspots). Native trop-
ical forests of the Western Ghats underwent extensive loss
(40%) and fragmentation (80% decrease in patch sizes and
400% increase in patch numbers) during 1920–1990, largely
due to the expansion of agriculture and coffee plantations
(Menon & Bawa, 1997). While around 12% of the Western
Ghats is protected by the State as nature reserves, remnant
forests with less formal protection situated in surrounding
HDLs are crucial for conserving biodiversity (Das et al.,
2006), and sustain significant carbon stocks (Osuri et al.,
2014).
Our study is based on plot datasets from HDLs in the cen-
tral Western Ghats (CWG) and the Anamalai Hills (AH) in
the southern Western Ghats (Figure 1). Both landscapes com-
prise fragmented tropical rainforests interspersed among set-
tled agriculture and/or horticulture plantations that date back
at least two centuries. Forests in both landscapes range in
anthropogenic disturbance from relatively undisturbed areas
(e.g., within or abutting State-protected forests) to degraded
primary forests that are fragmented and subject to extractive
resource use—that is, for fuelwood, and occasionally for tim-
ber (Muthuramkumar et al., 2006; Ramesh et al., 2010b).
The CWG dataset comprised sixty-eight 1-ha plots,
including 33 plots in structurally and compositionally intact
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F IGURE 1 The two tropical HDLs in (a) the central Western
Ghats and (b) Anamalai Hills of the southern Western Ghats, India.
Green shading depicts wet evergreen forest. Points in (a) indicate
locations of individual 1-ha plots, and in (b) the locations of sites
within which multiple 0.04 ha plots (20–25) were sampled. Forest cover
maps were derived from layers generated by French Institute of
Pondicherry, available at http://indiabiodiversity.org/
wet-evergreen forests, as classified by the dataset authors, and
35 plots in wet-evergreen forests that were more fragmented,
and structurally and/or compositionally degraded. (Ramesh
et al., 2010a). Degradation was assessed by the authors of the
dataset based on indicators such as decreased canopy cover
(structure), and prevalence of deciduous and/or disturbance-
adapted species within tree communities (composition)
(Ramesh et al., 2010a). The AH dataset comprised ninety
0.04-ha plots, including 50 relatively unfragmented intact
forest plots, and 40 plots in more degraded forest fragments
(Muthuramkumar et al., 2006; Osuri, Chakravarthy, &
Mudappa, 2017).
Plot classification and sampling details are available in
Ramesh et al. (2010a) and Muthuramkumar et al. (2006).
The former dataset reported species names and girth at breast
height (gbh) of all trees over 10 cm gbh (3.18 cm diameter at
breast height [dbh]), and was filtered to retain trees ≥10 cm
dbh only. The latter recorded species names and gbh of all
trees over 30 cm gbh (9.5 cm dbh).
2.2 Multiregion data
We searched the scientific literature for data on TSR, com-
position, and forest structure in tropical HDLs. We searched
for keywords and phrases such as “tropical forest tree frag-
ment,” “tropical forest secondary,” and “tropical forest recov-
ery” on the ISIWeb of Science (www.webofknowledge.com),
within the Dryad data repository (https://datadryad.org/), and
the PREDICTS database (Hudson et al., 2017), for relevant
datasets. We also examined literature cited by, and citing,
studies identified through our primary searches. Given the
focus on HDLs, we only considered studies from landscapes
featuring sustained human occupation and land use, that is,
fragmented primary or secondary forests in landscapes with
settled or shifting agriculture, or pastures, were included,
but studies in remote logging concessions without sustained
human presence were not. Studies from 10 tropical countries
reporting plot-level estimates of TSR and/or species compo-
sition and/or tree density and/or basal area from disturbed
forests (e.g., fragments, secondary forests), or disturbed and
relatively intact forests in HDLs, were retained for further
analyses (Table S1).
2.3 Variables assessed
Tree species richness (species/plot), tree density (trees/plot),
basal area (m2/plot), community-weighted average wood den-
sity (g/cm3), and aboveground carbon storage (Mg/plot) were
assessed in theWestern Ghats datasets. Community-weighted
average wood density was estimated at the plot level as
ΣRi.Wi, where Ri and Wi are relative abundance and wood
density, respectively, of each species i. TSR, tree density (TD),
basal area (BA) and community-weighted average wood den-
sity (WD) were included in the meta-analysis. Species wood
densities were obtained from primary sources (AMO, SM,
JR, MS and colleagues, unpublished data from the Western
Ghats), and from the Global Wood Density Database (Zanne,
Lopez-Gonzalez, & Coomes, 2009). In cases of species wood
density data being unavailable, genus averages constrained by
continent were used (Chave et al., 2006).
Tree height (H, in meters) and aboveground biomass
(AGBest, in kg) in the WG plots were estimated using the
following general equations for tropical trees:
ln (𝐻) = 0.893 − 𝐸 + 0.760ln (𝐷) − 0.0340[ln (𝐷)]2,
AGBest = 0.0673 ×
(
𝜌𝐷2𝐻
)0.976
,
where D is tree diameter at breast height (cm), 𝜌 is wood
density (g/cm3), and E is a measure of environmental stress
(temperature/precipitation) constraining tree diameter–height
relationships (Chave et al., 2014). ACS of trees lacking
species- or genus-level estimates was estimated by sub-
stituting the average wood density across all individuals
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TABLE 1 Tree species richness (all and endemic), carbon storage, tree density, basal area, and community-weighted average wood density in
relatively intact and disturbed forests in HDLs of the Central Western Ghats and Anamalai Hills in India. Average values across plots and
corresponding 95% CIs (in parentheses) are reported
Central Western Ghats (1.0-ha plots) Anamalai Hills (0.04-ha plots)
Relatively intact (N = 33) Disturbed (N = 35) Relatively intact (N = 50) Disturbed (N = 40)
Species richness (species/plot) 46.7 (42.7–50.7) 33.8 (29.5–38.0) 13.0 (12.1–13.9) 8.3 (7.2–9.3)
Endemic species richness (species/plot) 17.4 (15.3–19.6) 5.7 (3.8–7.5) 3.5 (3.0–4.1) 0.7 (0.4–0.9)
Aboveground carbon stocks (Mg/plot) 187.4 (149.5–225.4) 94.6 (77.6–111.6) 18.3 (15.3–21.3) 10.1 (8.1–12.1)
Tree density (trees/plot) 453.9 (392.7–515.0) 242.8 (203.7–282.0) 20.8 (19.4–22.2) 15.8 (14.3–17.4)
Basal area (m2/plot) 32.7 (29.1–36.4) 19.0 (15.8–22.2) 3.4 (2.9–3.8) 2.1 (1.8–2.4)
Average wood density (g/cm3) 0.64 (0.62–0.66) 0.63 (0.63–0.64) 0.59 (0.58–0.59) 0.51 (0.49–0.53)
with known wood densities in the respective plots. Carbon
stocks were assumed to constitute 47.78% of aboveground
biomass, corresponding to estimates for stem carbon content
for evergreen trees from Ma et al. (2018).
2.4 Analysis
2.4.1 Western Ghats plots
We assessed the relationship of overall TSR, and richness of
endemic tree species, with ACS, TD, BA, and WD in the
CWG (1.0 ha) and AH (0.04 ha) datasets using Pearson’s
correlation coefficients. Log transformations were applied to
ACS and BA on account of the skewed distributions of these
responses.
We used a bootstrapping approach to examine how corre-
lations of TSR with ACS, TD, BA, and WD vary in relation
to forest disturbance in the 1.0-ha and 0.04-ha datasets. Start-
ing with the pool of relatively intact forests in each dataset,
we iteratively replaced randomly selected intact forest plots
with randomly selected disturbed forest plots, such that the
total number of plots remained constant (thirty-three 1-ha and
forty 0.04-ha plots). At every increasing level of disturbed
plot prevalence, we estimated TSR-ACS, TSR-TD, TSR-BA,
and TSR-WD correlations. We examined whether correlation
coefficients for each relationship (averaged over 100 simula-
tion runs) increased with the percentage of disturbed forest
plots.
2.4.2 Multiregional data
Using data from 15 tropical HDLs, we first estimated Stan-
dard Mean Differences (SMDs) in TSR, TD, BA, and WD
between relatively intact and disturbed forests of each land-
scape as:
?̄?𝐷 − ?̄?𝐼
SD
,
where ?̄?𝐷 and ?̄?𝐼 denote mean values in disturbed and intact
forests, respectively, and SD represents average standard devi-
ation across disturbed and intact forests. As above, we also
estimated correlations of TSR with TD, BA, and WD across
plots within each HDL.
The meta-analyses of SMD and correlation coefficients
were performed using the “metacont” and “metacor” func-
tions of the “meta” package, respectively, with a random
effects model specified to take into account heterogeneity in
sampling designs and other study characteristics across the
different HDLs (Schwarzer, 2015). We interpreted mean and
95% confidence intervals (CI) of the SMD estimates across
studies to infer whether disturbance consistently decreases
(negative mean and 95% CI range), increases (positive mean
and 95% CI range), or does not affect (95% CI range includes
zero), the focal responses. Similarly, we interpreted the mean
and 95% CI from the meta-analysis of correlation coefficients
to infer whether TD, BA andWDare positively (positivemean
and 95% CI), negatively (negative mean and 95% CI) or not
related to TSR.
All data processing, statistical analyses and preparation of
figures were performed using R version 3.6.0 (R Core Team,
2019).
3 RESULTS
In the Western Ghats, TSR, ACS, TD, and BA were consis-
tently lower in disturbed forests than in intact forests in both
landscapes, while disturbed forests in the AH (0.04 ha plots)
also had lower WD (Table 1). ACS correlated positively with
overall TSR (Pearson’s r= .43 and .35 [p< .01] among 1.0 ha
and 0.04 ha plots, respectively), and with endemic species
richness (Pearson’s r= .51 and .59, p< .01) in both landscapes
(Figure 2). TSR was positively correlated with TD (Pearson’s
r = .61 and .66, p < .01) and with BA (Pearson’s r = .50 and
.36, p < .01) in both landscapes (Figures 3a, b, d, e), and pos-
itively correlated with WD across 0.04 ha plots in AH (Pear-
son’s r = .43, p < .01; Figure 3f), but not the 1.0 ha CWG
plots (Figure 3c). Further, using the unfiltered CWG dataset
(all trees ≥ 3.18 cm dbh), we verified that including smaller
trees does not alter the above patterns and relationships
(Table S2).
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F IGURE 2 Relationships of tree species richness and endemic
tree species richness with aboveground carbon storage across relatively
intact and disturbed forest plots in the central Western Ghats (a, c), and
Anamalai Hills (b, d). Broken lines depict predictions of simple linear
regression models. Pearson’s correlation coefficients (r) are reported
In the bootstrapping simulations, higher percentages of
disturbed forest plots were associated with a stronger positive
correlation between TSR and ACS, on average, in both land-
scapes (Figures 4a, e). Greater percentages of disturbed forest
plots were also associated with stronger positive correlations
of TSR with BA and withWD in both landscapes (Figures 4c,
d, g, h), and of TSR with TD in the CWG (1.0 ha plots)
landscape (Figure 4b). Interestingly, TSR-ACS and TSR-BA
correlations (both landscapes), TSR-TD correlations (CWG;
1.0 ha plots), and TSR-WD correlations (AH; 0.04 ha plots)
showed a nonmonotonic relationship with the percentage
of disturbed forests, with more positive correlations among
mixtures of disturbed and intact forest plots (50%–70%
disturbed plots), on average, than for either type exclusively
(Figures 4a, b, c, e, g, h).
In the multiregional meta-analysis, TSR, BA andWDwere
consistently lower (38%-74%) in disturbed forests than in
remnants of relatively intact tropical forests within HDLs
(Figure 5a). Correlations of TSR with TD, BA, and WD
were positive (0.26–0.66, on average) across multiple HDLs
(Figure 5b).
4 DISCUSSION
As the anthropogenic footprint in the tropics continues to
expand (Lewis et al., 2015), averting losses of the irre-
F IGURE 3 Relationships of tree species richness with tree
density, basal area, and community-weighted average wood density,
across relatively intact and disturbed forest plots in the central Western
Ghats (a–c) and the Anamalai Hills (d–f). Broken lines depict
predictions of simple linear regression models. Pearson’s correlation
coefficients (r) are reported. N.R. indicates no relationship
placeable biodiversity and carbon stocks of intact tropical
forests (Watson et al., 2018), and securing the conserva-
tion and carbon storing potential of forests in ubiquitous
human-dominated landscapes (Gardner et al., 2009; Mag-
nago et al., 2015), pose a dual challenge. In intact forests,
previous research highlighting the lack of a consistent
diversity–carbon relationship underscores the importance
of complementary approaches to conservation and climate
change mitigation in Earth’s most biodiverse and carbon-rich
ecosystem (Chisholm et al., 2013; Ferreira et al., 2018;
Sullivan et al., 2017).
By contrast, our results from the Western Ghats suggest
that although forests in HDLs cannot match intact forests
for biodiversity or carbon storage in absolute terms, there
is greater congruence between tree diversity (overall and
endemic species) and carbon storage across forests in these
landscapes at small (0.04 ha) and larger (1.0 ha) scales. This is
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F IGURE 4 Bootstrapped simulation results showing correlations
of tree species richness with carbon storage, tree density, basal area,
and average wood density at increasing proportions of disturbed forest
plots in the central Western Ghats (a–d) and Anamalai Hills (e–h). Blue
points represent outcomes of individual simulation runs, and black
points represent averages across simulations (N = 100), at each level of
disturbed plot prevalence
consistent with other studies that have reported tree diversity–
carbon cobenefits in HDLs (Magnago et al., 2015; Matos
et al., 2019), and with emerging evidence on the diversity of
other groups such as mammals and birds, which also appear
more congruent with carbon storage over space in HDLs
(Deere et al., 2018, Van de Perre et al., 2018) than in intact
forests (Beaudrot et al., 2016; Ferreira et al., 2018).
Our findings suggest that the diversity–carbon relation-
ship in HDLs results from anthropogenic disturbances driving
convergent responses of tree diversity and attributes of for-
est structure and tree species composition that govern above-
ground carbon storage at small (0.04) and larger (1.0 ha)
scales. Consistent with previous findings (Laurance et al.,
2006; Osuri et al., 2014; Santos et al., 2008), forest frag-
mentation and disturbance in the Western Ghats HDLs were
associated with tree species loss, reductions in carbon stor-
ing biomass volume (fewer trees, lower basal area), and/or
reductions in biomass per unit volume (lower average wood
density). Important sites for tree diversity, endemic species,
and hardwood species—which are often a priority for con-
servation (Slik et al., 2008)—are therefore more likely to
overlap with areas of high carbon storage in HDLs har-
boring disturbed forests, or a mix of disturbed and rela-
tively intact forests, than in intact forests alone, as sug-
gested by our bootstrapping simulations. The simulations also
suggest that the greatest congruence between tree diversity
and carbon storage might occur at intermediate levels of
disturbed plot prevalence, possibly because intact and dis-
turbed forests together span wider gradients of tree diversity
and carbon-related attributes than either type of forest alone
(Figure S1).
The results of our meta-analysis suggest that positive cor-
relations between tree diversity and carbon storage potentially
occur widely across the human-dominated tropics, mediated
by consistency and congruence among the responses of tree
diversity, basal area, and average wood density, to forest
fragmentation and other disturbances. The strength of such
relationships would likely vary with disturbance type and
severity (Ferreira et al., 2018), and relationships would
potentially be more temporally stable among older forests in
fragmented landscapes—because of limited or slow recovery
from disturbance in such forests (Tabarelli, Lopes, & Peres,
2008)—compared to younger forests in less fragmented
landscapes (Lasky et al., 2014).
Collectively, our findings support the hypothesis that
carbon-focused forest policies and management are more
likely to align with priorities for tree diversity conserva-
tion (i.e., cobenefits) in tropical HDLs than in intact forest
landscapes. For example, incentive programs geared towards
securing forest carbon stocks from deforestation and degrada-
tion are likely to extend protection for species-rich remnants
of mature forests, which are crucial for conservation in heav-
ily fragmented and human-dominated biodiversity hotspots
such as the Atlantic Forest (Magnago et al., 2015) and the
Western Ghats. Restoration of presently degraded forests for
future carbon and biodiversity benefits by, for example, pro-
moting spontaneous natural recovery (Matos et al., 2019),
or active restoration of degraded forests (Osuri, Kasinathan,
Siddhartha, Mudappa, & Raman, 2019), could also offer
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F IGURE 5 Standardized mean differences (SMDs) are consistently negative (i.e., lower in disturbed than intact forests) for tree species
richness (TSR), basal area (BA) and community-weighted average wood density (WD), but not tree density (TD), based on the meta-analysis of
tropical HDLs (a). Correlations of TSR with TD, BA and WD are consistently positive across tropical HDLs (b). Error bars depict means and 95%
CIs of the estimated effect sizes. Sample sizes for each response are reported above bars
synergies for conservation and climate change mitigation in
HDLs.
While our study focused on carbon cobenefits for tree diver-
sity conservation, conservation strategies must ultimately be
guided by a better understanding of cobenefits and trade-offs
involving multiple biodiversity groups (Phelps et al., 2012),
and how these potentially differ between HDLs and intact
forests. Similarly, potential trade-offs involving other values
widely derived by local people from these forests—for exam-
ple, fuelwood and nontimber forest products—need to be bet-
ter understood, and are important to address, within programs
for biodiversity and carbon conservation in tropical human-
dominated landscapes.
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